The adsorption of copper(II) ions from aqueous solution onto sawdusts from different kinds of wood, pulp and Kraft lignin has been studied. The results of batch studies showed that Kraft lignin was a good adsorbent over the whole concentration range studied, hard woods (oak and black locust) were good when the Cu(II) ion concentration in the aqueous solution was high, while soft woods (poplar, willow, fir) and pulp were good for the adsorption of Cu(II) ions when the latter were present over the low concentration range.
INTRODUCTION
Heavy metals may be very harmful to humans and other living organisms. Minimization of their emission into the environment is necessary to protect natural waters and thus preserve the good quality of raw water. In addition, their removal from wastewaters should be a standing obligation. Potential sources of copper-bearing wastes include those arising from mining, acid mine drainage, plating bath wastewaters, the fertilizer industry, paints and pigments, municipal and storm water run-off, etc.
The processes parts mostly used to remove heavy metals from water are chemical precipitation, membrane filtration, ion exchange and adsorption, each having certain advantages and shortcomings. Precipitation is a simple process but the disposal of the precipitated heavy metal hydroxides poses a major problem. Ion exchange and membrane filtration are effective techniques but expensive. As far as adsorption methods are concerned, the high capital and regeneration costs of activated carbon has encouraged researchers to search for low-cost adsorbents. Those that have been employed to date include different materials of an inorganic and organic nature. Some unconventional organic adsorbents include decaying microbial cells or parts of cells, complex organic biomass and natural organic macromolecules (Bailey et al. 1999) . In addition to the adsorption capacity, their low cost and local availability are important parameters for choosing some of these materials. Waste lignocellulosic materials, rice hulls (Marshall et al. 1993) , sunflower stalks (Sun and Shi 1998), walnut or nut wastes (Orhan and Buyukgungor 1993) , moss and canola meal , tree leaves (Aoyama et al. 2000) , wood bark (Aoyama et al. 
Batch adsorption and desorption studies
Batch adsorption experiments were carried out by shaking 5 g/l of wood sawdust with an aqueous solution of Cu(II) ions of a desired concentration and pH value. Experiments were carried out at both 22°C and 35°C employing a laboratory thermostat. At the end of a known contact time period, the adsorbent was separated by vacuum filtration through a Gooch G3 crucible (or G4 for lignin). The concentration of Cu(II) ions in the aqueous solution before and after adsorption or desorption was determined using a Pye-Unicam SP 191 atomic absorption spectrophotometer. The same instrument was also used to determine Ca 2+ , Mg
2+
, Na + and K + ion concentrations in the ion-displacement tests.
Batch desorption experiments were performed by shaking 10 g/l of metal ion-loaded sawdust with different acid solutions. After 1 h, the solid was separated by vacuum filtration and the filtrate analyzed. The amount of metal desorbed was expressed as the ratio of the total metal ion released from the laden sawdust to the metal ion uptake during adsorption.
Each experiment was carried out in duplicate with the average results being presented here.
Adsorption model
To determine the adsorption capacity of adsorbents for the removal of Cu(II) ions from water, use was made of the Langmuir and Freundlich equations [equations (1) and (2), respectively]:
where q is the amount of Cu(II) adsorbed per specified amount of adsorbent (mg/g), C is the equilibrium concentration (mg/l or mM), q m is the amount of Cu(II) required to form a monolayer on the surface (mg/g), K L is the Langmuir equilibrium constant, and K F and n are the Freundlich equilibrium constants. Computer simulation techniques were applied to fit the Langmuir and Freundlich equations to the adsorption data. The accuracy of such fits was estimated in terms of the computed correlation coefficients (R 2 ). The thermodynamic parameters ∆G, ∆H and ∆S were computed from the equations given below. Thus, the standard molar or Gibbs free energy (∆G) for the adsorption process was calculated as: (3) where R is the gas constant and T is the temperature (K).
The enthalpy change (∆H) was calculated from the values of K L at two temperatures T 1 and T 2 as: (4) where K L1 and K L2 are the respective Langmuir constants at these two temperatures.
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The standard entropy change (∆S) for the process was calculated from the equation:
To compare the adsorption capacities of different adsorbents, the data obtained for the adsorption of Cu(II) ions were treated by ANOVA (analysis of variance -one-way randomized complete blocks) with Duncan's multiple-range test (for significance levels of 0.05 and 0.01) run on a PC using CoStat statistical software.
RESULTS AND DISCUSSION

Effect of contact time and pH
The contact time of the solution and adsorbent as well as the pH of the solution are important parameters controlling the adsorption process. Consequently, before determining the adsorption capacity it was necessary to determine both a sufficient contact time and select an optimum pH value.
It is known that the adsorption efficiency of cations increases with an increase in the pH value of their solution, since H + ions compete with metal cations for the adsorption sites on the surface when the system is at lower pH values. The adsorption of Cu(II) ions is at a maximum at a pH value of 7.0 when the Cu(II) ions are in the form of Cu(OH) 2 flocs (Ajmal et al. 1998; Lee and Davis 2001) . To avoid the precipitation of Cu(OH) 2 , a pH value of 4.0 was chosen as being the optimum for further tests. At this pH, the Cu(II) ions species present in the solution exist in two forms, Cu 2+ being the major component and Cu(OH) + the minor one. The dependence of the Cu(II) ion removal efficiency on time is presented in Figure 1 . Poplar sawdust, pulp and Kraft lignin were used as adsorbents in the experiments depicted, the initial concentration of Cu(II) ions being 12.5 mg/l while the initial pH value was 4.0. It will be seen from Figure 1 that the adsorption efficiency was practically constant over the time period studied. This means that the adsorbent was already equilibrated and suggests that adsorption occurred mainly on the wood sawdust surface. On the basis of the results obtained, a time period of 3 h was chosen as providing sufficient contact between the adsorbate and adsorbent and was employed in subsequent trials.
Adsorption isotherms
The adsorption capacities of the investigated adsorbents were determined by constructing the corresponding equilibrium isotherms (Figure 2 ). Each isotherm was obtained on the basis of six different Cu(II) ion concentrations in the range 5-200 mg/l Cu(II) ions for experiments conducted at 22°C. Regression analysis of the linearized Langmuir isotherms (C/q versus C) and Freundlich isotherms (log q versus log C) gave the adsorption constants and correlation coefficients (R 2 ) listed in Table 2 (Ajmal et al. 1998) ; for hydrolysis lignin and aminolignin, 1.7 and 26.4 mg/g, respectively (Kokorevics 1998) ; and for granular and powdered activated carbon, 6.5 and 5.8 mg/g, respectively (Seki et al. 1997) . In general, the adsorption capabilities of the adsorbents investigated in this work compare well with those reported for other similar adsorbents.
The adsorption of Cu(II) ions followed both Langmuir-and Freundlich-type isotherms. However, a comparison of the correlation coefficients indicated that the experimental data were fitted somewhat better by the Langmuir model than the Freundlich model. This supports the assumption that only monolayer coverage occurred on the outer surface of the adsorbents investigated and that their surfaces were homogeneous. This suggests the involvement of only one bonding mechanism. The data for the adsorption capacity, q m , presented in Table 2 show that sawdusts derived from hard woods (especially oak) had a higher adsorption capacity than the other adsorbents studied. Hard woods differ from soft woods mainly in anatomical structure, density and a higher content of chemicelluloses (Table 1) which yields a higher adsorption capacity. However, the correlation coefficient for the Freundlich equation, which was somewhat higher than that for the Langmuir isotherm for oak sawdust, may be a consequence of the possible involvement of different bonding mechanisms with this adsorbent resulting in a higher adsorption capacity. The adsorption capacities of fir (a coniferous soft wood) and poplar (a deciduous soft wood) were practically the same, whereas there was a certain difference in this respect between poplar and willow, two species of deciduous wood. In terms of the q m values, the adsorbents studied followed the order: oak >> black locust > lignin > willow ≈ poplar ≈ fir > pulp. However, at lower Cu(II) ion concentrations, adsorbents with lower capacities were more efficient than those derived from hard woods. As can be seen from Figure 2 , the curves for fir, poplar, pulp and lignin exhibited a sharp rise at lower concentrations. At the same time, the corresponding K L values were higher and the values of the Freundlich constant 1/n were lower. The Langmuir constant K L can serve as an indicator of the isotherm rise in the region of lower residual metal ion concentrations, thereby reflecting the 'strength' or 'affinity' of the adsorbent for the solute (Holan et al. 1993) . The smaller values of 1/n have a similar significance. This means that adsorbents such as soft woods, pulp and Kraft lignin possessed a higher affinity for Cu(II) ions and were better for use with lower Cu(II) ion concentrations.
On the other hand, comparison of the adsorption efficiency (defined as the ratio of adsorbed Cu(II) ions to the initial Cu(II) ion concentration) over the whole concentration range on the basis of analysis of variance results (Tables 3 and 4) gave a different preferential order for the adsorbents investigated. On the basis of the analysis of variance, it was concluded that the differences between the adsorbents were statistically very significant (probability listed in Table 3 denoted with two stars). Kraft lignin was the best among the adsorbents investigated as seen from Table 4 ; it appeared to be a good adsorbent over the whole concentration range. Hard woods were good when the Cu(II) ion concentration in water was high, and soft woods and pulp were effective over the low Cu(II) ion concentration range.
The effect of temperature
For the thermodynamic study of Cu(II) ion adsorption, three adsorbents, i.e. poplar sawdust, pulp and Kraft lignin, were tested at different temperatures. Poplar sawdust was chosen because this tree is widespread in Serbia-Montenegro, while pulp and Kraft lignin were chosen as being the main constituents of wood. Experiments were conducted at initial Cu(II) ion concentrations between 5 mg/l and 200 mg/l and at temperatures of 22°C and 35°C. Figure 3 shows the adsorption isotherms obtained at the two temperatures studied. The constants obtained from an application of the Langmuir and Freundlich adsorption models for the adsorption of Cu(II) ions onto these adsorbents are presented in Table 5 and the thermodynamic data in Table 6 . From the q m values presented in Table 5 , it is evident that Cu(II) ion adsorption onto Kraft lignin and poplar sawdust increased at higher temperature by more than two-times and on pulp by less than 50%. The negative Gibbs free energy values indicate the spontaneous nature of Cu(II) ion adsorption. The negative enthalpy values confirm the exothermic nature of the adsorption process on the adsorbents investigated and suggest physisorption as the main adsorption mechanism. However, the relatively low ∆H values and an increase of q m with temperature, especially for Kraft lignin, suggest the possibility of chemical bonding of Cu(II) ions in addition to physisorption.
Metal ion binding is strongly dependent on the electrical charge carried by an adsorbent. Natural organic materials have various ionizable functional groups on their surfaces that acquire charge through deprotonation or complexation reactions with solutes. Metal ions are hydrated in water and form hydrogen bonds on the active sites of the adsorbent. Such hydrogen bonding is a result of the long-range forces between surface oxygen atoms and the hydrogen atoms of the hydrated metal ions. Since only weak hydroxyl (COH) groups and ionized CO − groups derived from such hydroxyls are present on the surface of pulp, the hydrogen bonding of metal ions is probably the only bonding mechanism. Lignin and poplar wood (generally, any kind of wood containing ca. 20-30% lignin) have different functional groups -hydroxyl, methoxy, acetoxy, formyl -and can form diverse and stronger bonds with metal ions. This explains the higher adsorption capacity of lignin and lignin-containing materials compared to pulp.
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Ion-exchange mechanism
Ion exchange can be considered as the most dominant mechanism involved in biosorption processes on microbial cells (Crist et al. 1990; Avery and Tobin 1993 a control (consisting of the adsorbent and doubly distilled water) was also measured. The net release of metal ions from the adsorption system (Table 7) represents the difference between the metal ion content measured in the filtrate after adsorption and that of the control. The initial concentration of Cu(II) ions employed in these experiments was 0.3 mM with 3 h being allowed as the adsorption time at an initial pH value of 4.20 in the presence of 5 g/l adsorbent. The R b/r ratio was calculated as:
For a pure ion-exchange mechanism, the R b/r ratio would be equal to unity. However, the value obtained exceeded unity (indicating that the sum of the cations released was smaller than the amount of metal ion bound), thereby suggesting that ion exchange was not the only bonding mechanism and that some other mechanisms were involved. Similar R b/r values for Cu(II) ion adsorption were also reported by Avery and Tobin (1993) for Saccharomyces cerevisiae as an adsorbent and by Al-Asheh and Duvnjak (1999) for moss. However, the observed R b/r ratio was less than unity for the adsorption of Cu(II) ions onto pine bark (Al-Asheh and Duvnjak 1998). In all these cases, Ca 2+ ions were released to a greater extent than any other ion. (Avery and Tobin 1993) . The smaller amount of H + ions released from poplar wood in comparison to other cations indicates that ionic bonding was primarily involved in this adsorption process.
Desorption tests
Re-usability of an adsorbent is an important factor for its applicability in industrial practice. This characteristic can be evaluated by comparing the metal ion uptakes by the regenerated adsorbent with that of the original one. Studies of this process can also provide information on the bonding of the metal ion to the adsorbent. Agents that can be applied for the desorption of adsorbed materials from loaded adsorbents are various acids, complexing and chelating agents, or some potassium, sodium or calcium salts (Zhang et al. 1998) .
The desorption of Cu(II) ions from poplar sawdust was carried out at 22°C using solutions of three mineral acids -sulphuric, nitric and hydrochloric. These acids appeared to be good desorption agents for pine bark (Al-Asheh and Duvnjak 1997), Rhizopus nigricans (Zhang et al. 1998) , Azolla biomass (Zhao et al. 1999) , etc. Before desorption, the poplar sawdust was loaded with 2.29-2.67 mg Cu(II) ions/g adsorbent. The results of the desorption tests are depicted in Figure 4 . Copper ion recoveries with all three acids were relatively good. Nitric acid proved to be the most effective eluent, followed by hydrochloric acid and sulphuric acid. It is known that Cu(NO 3 ) 2 is dissolved more readily than CuCl 2 and certainly more than CuSO 4 . This explains the better desorption efficiency when nitric acid was used as the eluent.
As can be seen from Figure 4 , the use of higher acid concentrations led to only a small increase in Cu(II) ion desorption efficiency, and for this reason acid solutions of 0.1 M concentration were used for subsequent tests. This supports the assumption that physisorption was the main bonding mechanism as it is well known that physisorption is a fully reversible process. However, complete desorption of Cu(II) ions could not be obtained even on using high acid concentrations. This may be due to the strong binding of Cu(II) ions onto some active sites or their entrapment in intrapore spaces within the adsorbent, making them subsequently hard to release. After determining the desorption efficiency, the possibility of re-using the poplar sawdust after desorption was explored. Thus, after adsorption from a solution containing 100 mg/l Cu(II) ions (initial pH = 4; contact time = 3 h), the sawdust was washed with doubly distilled water, desorbed with 0.05 M nitric acid, washed and then used in the next adsorption/desorption cycle. The results of these investigations are presented in Figure 5 . The latter shows that after the first cycle the capacity for new adsorption was somewhat lower and after that remained almost constant. However, the desorption efficiency in subsequent cycles was better than in the first. This means that, after the first cycle, processes involving the making and breaking of bonds with the active sites on the adsorbent surface occurred readily. Thus, it may be concluded that active sites on which weaker (hydrogen) bonds are formed prevailed over those where stronger bonds (ionic bonding or complexation) capable of resisting desorption were formed.
CONCLUSIONS
It was shown that sawdusts from various kinds of wood (fir, poplar, willow, oak and black locust), pulp and Kraft lignin were capable of adsorbing Cu(II) ions from water. These adsorbents are widely available as waste materials (other than pulp), cheap, have good mechanical stability and are easily separated from water. Of the materials investigated, Kraft lignin appeared to be a good adsorbent over the whole concentration range studied, hard woods were good when the Cu(II) ions concentration in water was high, and soft woods and pulp were effective over the low concentration range. The adsorption capacities obtained compared well with those reported in the literature for similar adsorbents.
Increasing temperature led to an increase in the amount of Cu(II) ions adsorbed. It was concluded that the adsorption process was spontaneous and exothermic from the values of the thermodynamic parameters. This suggests that the main adsorption mechanism was physisorption (hydrogen bonding). However, the increase of q m with temperature and a study of the process of cation release due to Cu(II) ion adsorption indicated that physisorption was not the sole bonding mechanism but that ionic bonding was also involved. This assumption was confirmed by desorption tests. Nitric, hydrochloric and sulphuric acids could be used with almost equal efficiency for Cu(II) ion desorption. Successful desorption could be achieved with low concentrations of acid (preferably nitric acid), although complete desorption was not possible even at high acid concentrations. This means that a small portion of Cu(II) ions must be bound strongly to active sites on the sawdust surface which are capable of resisting desorption treatment. It was found that the regenerated sawdust could be used for several adsorption/desorption cycles.
Adsorption of Copper(II) Ions onto Wood Sawdust, Pulp and Lignin
